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Trans-splicing, the in vivo joining of two RNA molecules, is well characterized in 
several groups of simple organisms but was long thought absent from fungi, plants 
and mammals. However, recent bioinformatic analyses of expressed sequence tag 
(EST) databases suggested widespread trans-splicing in mammals1-2. Splicing, 
including the characterised trans-splicing systems, involves conserved sequences at 
the splice junctions. Our analysis of a yeast non-coding RNA revealed that around 
30% of the products of reverse transcription lacked an internal region of 117 nt, 
suggesting that the RNA was spliced. The junction sequences lacked canonical 
splice-sites but were flanked by direct repeats, and further analyses indicated that 
the apparent splicing actually arose because reverse transcriptase can switch 
templates during transcription3. Many newly identified, apparently trans-spliced, 
RNAs lacked canonical splice sites but were flanked by short regions of homology, 
leading us to question their authenticity. Here we report that all reported 
categories of non-canonical splicing could be replicated using an in vitro reverse 
transcription system with highly purified RNA substrates. We observed the 
reproducible occurrence of ostensible trans-splicing, exon shuffling and sense-
antisense fusions. The latter generate apparent antisense non-coding RNAs, which 
are also reported to be abundant in humans4. Different reverse transcriptases can 
generate different products of template switching, providing a simple diagnostic. 
Many reported examples of splicing in the absence of canonical splicing signals 
may be artefacts of cDNA preparation.  
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Reverse transcriptases (RTs) are enzymes that synthesize complementary DNA 
(cDNA) from an RNA template, and have evolved in retroviruses to convert single 
stranded viral RNA into double stranded DNA for integration into host genomes. They 
are an invaluable tool for molecular biology, being used to copy RNA into DNA for 
analysis by PCR (RT-PCR), microarrays and high throughput sequencing. Retroviral 
replication is known to require two template switches, where RT ‘jumps’ to another 
template location without terminating DNA synthesis3, an ability also implicated in 
high retroviral mutability5. Template switching has been repeatedly implicated in the 
observation of apparent intramolecular splicing events6-10, and evidence for its 
involvement in apparent intermolecular trans-splicing has also been reported11, 
although this is disputed12. A key observation regarding these apparent splicing events 
is that they occur between non-canonical splice sites that often share short homologous 
sequences.  
During the RT-PCR analysis of a yeast non-coding RNA (IGS1 R13), we detected 
an apparent splicing event removing a 117nt intron from about 30% of transcripts (Fig. 
1a). Surprisingly, the putative intron lacked conserved sequences normally present at 
the intron branch point, 5’ and 3’ splice sites, which are highly conserved between yeast 
pre-mRNAs. It was, however, flanked two short homologous sequences predicted to lie 
at the base of a hairpin in the unspliced RNA (Fig. 1b). Previous analyses had suggested 
that apparent splicing might arise from template switching by RT and we therefore 
tested whether changing the reverse transcriptase would alter the result. The putative 
spliced product was observed following RT-PCR using Superscript II (a Moloney 
Murine Leukemia Virus derived RT) but not with AMV (an Avian Myeloblastosis 
Virus derived RT) (Fig. 1c). This demonstrated that the apparent splicing of IGS1 R 
arises from an RT artefact, which is dependent on the specific RT used. 
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Trans-splicing of common leader sequences to multiple mRNAs has been 
characterized in trypanosomes, nematode worms and sea squirts14, but appeared very 
rare in mammalian cells15. Unexpectedly, however, two recent bio-informatic analyses 
of mammalian transcripts reported large numbers of trans-splicing events2,16. The 
observation that trans-spliced products could be detected from almost 50% of human 
genes2 provided the key evidence underlying the recent suggestion that trans-splicing is 
a frequently used method of increasing transcriptome complexity in higher eukaryotes1. 
If real, these trans-splicing events must utilize a novel splicing mechanism as the exons 
involved mostly lack canonical splice sites. Notably, however, they often show short 
homologous sequences at the donor and acceptor sites2, and we therefore suspected that 
the apparent splicing might actually arise through a template switching mechanism.  
Proving that any particular splicing event does not occur at low levels is 
problematic, so we instead attempted to reproduce apparent trans-splicing using RT in 
vitro. From the five budding yeast trans-splicing events reported by Li et al. (2009), we 
arbitrarily selected GenBank sequence M14410, a fusion between KRE29 and HXK1, 
as a substrate for in vitro analysis (Fig. 2a). Regions spanning a few hundred base pairs 
either side of the apparent trans-splicing sites in both genes were amplified from 
genomic DNA and cloned, providing sequence-verified DNA templates. RNAs were 
transcribed with T7 RNA polymerase and purified by gel extraction (Fig. 2b). The two 
individual RNA molecules were mixed, diluted 1:1000 with HeLa total RNA, and then 
reverse transcribed from random hexamers using Superscript II. 
PCR was performed with primers designed to detect trans-splicing events and this 
produced the same product in three RT reactions performed on three different occasions 
(Fig. 2c lanes 1-3). Sequencing of this product revealed an apparent trans-splicing event 
from near the end of the HXK1 RNA to the middle of the KRE29 RNA. Formation of 
this product required RT (Fig. 2c lanes 4-5) and the RNA transcripts, as it was not 
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amplified from HXK1 and KRE29 DNA mixed with HeLa cDNA (Fig. 2c lanes 6-7). 
Using AMV RT, multiple RT-PCR reactions yielded different products to those 
observed with Superscript II (Fig. 2d) that sequencing revealed to represent at least 
three different apparent trans-splicing events (Fig. 2a). We conclude that both 
Superscript and AMV reproducibly generate apparent trans-spliced products on the 
HXK1 and KRE29 template pair, but with distinct preferred fusion sites. 
Ostensible, non-canonical trans-splicing events show significant bias towards 
splicing between transcripts from the same locus. This has been taken to support their 
authenticity, since these sequences would be in close proximity in vivo but not in the 
RT reaction2. These events are classified as either exon shuffles (where exon order in 
the transcript differs from that in the genomic DNA), or fusions between sense mRNA 
and antisense non-coding RNA. However, the ability of reverse transcriptase to jump 
forward on a template (yielding apparent non-canonical cis-splicing), suggested that 
backwards jumps could generate exon shuffles. Moreover, trans-splicing between sense 
and antisense transcripts could be formed by a template switch from the RNA to the 
cDNA being produced by another RT on the same RNA (Fig. 3a).  
To test these possibilities, we arbitrarily selected another yeast clone, GenBank 
sequence T37598, representing a sense-antisense fusion produced from the SPT7 locus 
(Fig. 3b). As before, the region surrounding the apparent splice site was amplified from 
genomic DNA, cloned, transcribed, purified (Fig. 3c), and diluted with HeLa RNA prior 
to reverse transcription. To detect sense-antisense fusions PCR reactions were 
performed using two primers complementary to the same DNA strand. This consistently 
generated the same set of product bands (Fig. 3d lanes 1-3). Sequencing of prominent 
bands from two independent RT-PCR reactions revealed multiple sense-antisense fusion 
events (depicted in Fig. 3b). Formation of these products required RT enzyme and did 
not occur during PCR on a DNA template (Fig. 3d lanes 4-7). Therefore, sense-
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antisense fusion events readily and reproducibly occur during reverse transcription in 
vitro. 
A different primer pair was designed to detect exon shuffling (Fig. 3e). This 
consistently detected multiple species from the same reverse transcription reactions 
(Fig. 3f). Sequencing of the two clearly defined bands (marked * in Fig. 3f) confirmed 
the occurrence of apparent exon shuffling events involving SPT7 RNA (Fig. 3e). We 
conclude that both types of trans-splicing seen at a single locus can be readily 
reproduced on a purified template in vitro using reverse transcriptase. The prominent 
bands representing trans-splicing at a single locus were not observed when AMV was 
substituted for Superscript II. Faint PCR products were still obtained, suggesting that 
some template switching still occurs (data not shown). However, the abundance of these 
products was too low for sequencing, so we cannot exclude their production by PCR 
miss priming.  
Whereas the patterns of bands observed following in vitro reactions were highly 
reproducible, sequencing of multiple products rarely revealed identical splice sites. 
Rather, the fusion sites varied by small numbers of nucleotides. Similarly, the precise 
splice sites observed in the individual GenBank clones selected were not observed, but 
fusions were observed in close vicinity. 
Reverse transcriptases have been invaluable tools in RNA analyses. It is, however, 
clear that these enzymes are error prone and the frequent introduction of point mutations 
by RT has been widely recognized. In contrast, their ability to generate artefacts that 
resemble splicing products remains largely unappreciated, despite being first reported 
many years ago17. One effect of template switching is the formation of sense-antisense 
fusion transcripts. This would lead to the detection of apparent antisense ncRNAs in 
high throughput experiments. Reported antisense ncRNAs that share the splicing pattern 
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of the cognate sense mRNA are particularly likely to be artifacts18. Most template 
switching events are rare but the huge volume of transcriptome data currently being 
produced ensures that their contamination of cDNA databases will increase. Moreover, 
on particularly good substrates, such as the yeast IGS1 R ncRNA or the FOXL2 
mRNA6, template switching occurs in a large fraction of cDNAs produced. The 
different template switching propensities of Superscript and AMV provides a useful 
diagnostic tool that can identify many artifactual splicing events. Generally, however, 
our data show that all putative non-canonical splicing events and antisense ncRNAs 
require verification by non-RT based methods, e.g. northern blot or RNase protection, 
prior to their inclusion in further analyses. 
Methods Summary 
Substrates for in vitro assays were amplified from genomic DNA with Phusion (NEB) 
and cloned into pGEM-T (Promega). Oligonucleotides used were HXK1 F1/R1 for 
HXK1, KRE29 F1/R1 for KRE29 and SPT7 F1/R1 for SPT7, sequences of 
oligonucleotides are given in Table S1. Plasmids were linearized with XhoI and 1µg 
transcribed using T7 RNA polymerase (NEB) for 2h at 37°C. Gels were run in 1x TBE, 
acrylamide gels contained 8M urea. Gels were stained with SYBR Safe and imaged 
using a Fuji FLA5100 scanner. RNA was eluted from acrylamide gel slices by crushing 
and soaking for 4h in 0.5M NaOAc/1mM EDTA/0.1% SDS, followed by 
phenol/chloroform extraction and ethanol precipitation with 1µg glycogen. PCR 
reactions on reverse transcribed material were performed with Phire (NEB), details of 
cycle number are given in individual figure legends. Annealing temperature was 50°C 
for IGS1 and HXK1/KRE29 PCR and 53°C for SPT7 PCR. 
Superscript II RT. 0.5ng substrate RNA, 500ng HeLa RNA (Invitrogen), 125ng random 
hexamers and 1µl 10mM dNTPs in 6.5µl total volume were denatured at 65°C for 5min 
before 2min on ice. 2µl 5x first strand buffer and 1µl of 0.1M DTT were added 
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followed by 0.5µl (100U) Superscript II (Invitrogen). Reactions were incubated 10min 
at room temperature, 42°C for 50min and 70°C for 15min. DNA template controls were 
cDNA from 500ng HeLa RNA produced as above, with 0.5ng gel purified XhoI-PvuI 
fragments of the template plasmids.  
AMV RT. 0.5ng RNA, 500ng HeLa RNA (Invitrogen) and 125ng random hexamers in 
total volume 8.25µl were heated 5min at 70° and 5min on ice. 1.25µl 10mM dNTPs and 
2.5µl 5x buffer were added followed by 0.5µl (5U) AMV (Promega). Reactions were 
incubated for 1h at 37°C.  
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Figure 1: An apparent non-canonical intron in the IGS1 R non-coding RNA. 
a: 35 cycle RT-PCR across the apparent intron on cDNA synthesized with 
Superscript II and genomic DNA. cDNA was produced from a trf4Dstrain where 
this non-coding RNA is stable.  
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b: Hairpin structure of IGS1 R, short homologous repeats are underlined in 
grey. 
c: RT-PCR across the apparent intron on cDNA synthesized using Superscipt II 
or AMV. Control shows 30 cycle RT-PCR reaction across the ASC1 mRNA 
intron on the same cDNA samples. 
 
Figure 2: An in vitro system for the analysis of apparent trans-splicing. 
a: HXK1 and KRE29 substrate RNAs showing primer locations. Trans-splicing 
events produced by Superscript II and AMV are indicated. 
b: Purified substrate RNAs. 
c: RT-PCR using primers complementary to each RNA on three independent 
RT reactions (lanes 1-3), and a no RT control (Lanes 4-5). The template for the 
DNA control (lanes 6-7) was HeLa cDNA with restriction fragments 
encompassing the entire sequence of the substrate RNAs. Upper panel 35 
cycles, other panels 25 cycles.  
d: PCR reactions performed as in C on cDNA produced with AMV reverse 
transcriptase. Upper panel 35 cycles; lower panels 25 cycles. 
 
Figure 3: In vitro formation of sense-antisense fusions. 
a: Proposed mechanism of sense-antisense fusion formation. 
b: Schematic of SPT7 RNA showing primer binding sites and observed sense-
antisense fusions. 
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c: Purified SPT7 substrate. 
d: RT-PCR experiments performed on SPT7 substrate performed as in Fig. 2C. 
Upper panel shows a 32 cycle PCR reaction, other panels show 25 cycles. 
e: Schematic of SPT7 RNA showing primer binding sites and observed exon 
shuffling events. 
f: RT-PCR experiments performed as in d. Sequenced bands are indicated by *. 
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